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I N T R O D U C T I O N
A unifying feature of how neuromodulators like serotonin shape sensory circuits in the brain is the diversity of receptors through which they act. Within a given sensory region, different types of receptors are expressed in different classes of neurons and are also localized to characteristic subcellular compartments (Barnes and Sharp 1999; Lanfumey and Hamon 2000; Sari 2004; Vergé and Calas 2000) . Through these different receptors, neuromodulators trigger alterations in neural responses by mechanisms including changes in intrinsic conductances, modulation of receptors for other neurotransmitters, or changes in transmitter release (e.g., see Huang et al. 1993; Huidobro-Toro et al. 1996; Mooney et al. 1996; Yan 2002) . Thus a single signaling molecule like serotonin can evoke complementary changes in the interacting neurons within a sensory circuit, gated by different receptor types. The net result of these neuromodulatory changes is a reconfiguration of sensory networks in ways that alter the relationship between sensory stimuli and the neural responses that they evoke (reviewed in Hurley et al. 2004) .
Consistent with its actions in other sensory systems, serotonin has diverse effects within the auditory system. In the inferior colliculus (IC), a midbrain auditory nucleus, serotonergic fibers have a similar pattern in all species examined (Hurley and Thompson 2001; Kaiser and Covey 1997; Klepper and Herbert 1991) and serotonin alters multiple aspects of neural responses to sound. In addition to changing the number of spikes evoked by auditory stimuli (Hurley and Pollak 1999, 2001) , serotonin can change the latency and precision of initial spikes and the timing of spike trains, all response properties that may contribute to the encoding of sensory stimuli (Hurley and Pollak 2005b) . Serotonin-evoked changes in the magnitude and timing of auditory responses vary in size and direction from neuron to neuron and, for some neurons, are dependent on the properties of the auditory stimulus.
One likely source for the variation in the effects of serotonin on IC neurons is the diversity of serotonin receptors. Anatomical evidence for receptor diversity in the IC is abundant. Most of the seven main families of serotonin receptor have been detected in the IC using techniques including radioligand binding, immunohistochemistry, or in situ hybridization (e.g., 5-HT1: Peruzzi and Dut 2004; Thompson et al. 1994; 5-HT2: Cornea-Hébert et al. 1999; Harlan et al. 2000; 5-HT3: Morales et al. 1998; 5-HT4: Vilaró et al. 2005; 5-HT7: Heidmann et al. 1998; To et al. 1995) . Several reports have suggested that members of the 5-HT1 receptor family are especially strongly represented, with a radioligand binding study indicating enrichment of the 5-HT1A receptor in the IC (Thompson et al. 1994) and an immunohistochemical study suggesting that 5-HT1A and 1B receptors are present on many IC neurons (Peruzzi and Dut 2004) .
Compared with the wealth of studies documenting the expression of serotonin receptors in the IC, there are relatively few studies examining the physiological roles of different serotonin receptor types in this nucleus (but see Miko and Sanes 2004) . To determine whether the effects of activating different receptor types reflect their diversity, the actions of four agonists of receptors in the 5-HT1 and 5-HT2 families on the auditory responses of IC neurons of the Mexican free-tailed bat (Tadarida brasiliensis) were compared in this study. These two receptor families have been extensively studied throughout the brain and often mediate complementary effects on neural networks (e.g., Brandão et al. 1991; Carli et al. 2006; Craven et al. 2001; Hassanain et al. 2003) . The specific receptor subtypes targeted by the agonists used in this study, the 5-HT1A, 5-HT1B, 5-HT2A/C, and 5-HT2C receptors, have all been reported within the IC [Thompson et al. 1994 (1A) ; Cornea-Hébert 1999 (2A); Harlan et al. 2000 (2C) ; Peruzzi and Dut 2004 (1A, 1B) ]. The IC itself has long been an intensive focus for auditory research. It integrates ascending and descending inputs from numerous auditory nuclei and creates novel response properties to auditory stimuli from the convergence of such inputs (Pollak et al. 2002 (Pollak et al. , 2003 . The IC is also strongly interconnected with nonauditory systems of the brain and is involved in a number of acoustically related behaviors, including startle and aversive responses (Brandão et al. 1993; Li and Yue 2002) .
Within this network, the four serotonin receptor agonists tested have distinct effects on the magnitudes and latencies of the auditory responses of single neurons. Overall, these experiments support the hypothesis that serotonin acts through multiple receptor types in the IC and that receptor diversity is one way that serotonin enacts selective changes in auditory responses in this nucleus.
M E T H O D S

Surgical procedures
Before surgery, bats were anesthetized by brief exposure to isoflurane fumes followed by intraperitoneal injection of 120 mg/kg ketamine and 5 mg/kg xylazine. When deep anesthesia was achieved as judged by the lack of response to tail and foot pinch, the skin and muscle overlying the skull were incised and deflected to the side. A small hole was drilled above the IC, plainly visible in the contours of the skull. Lidocaine gel (2%) was applied topically, and the bat was placed in a soft foam holder shaped to its body contours and transported to a sound-attenuated chamber. The head of the bat was immobilized in a custom-made stereotaxic device (Schuller et al. 1986 ) with a post affixed to the skull with dental cement, rostral to the IC. In some cases, a second post was attached caudal to the IC with cyanoacrylate gel for additional mechanical stability. The bat was then allowed to waken. Bats usually lie quietly within the recording apparatus. Periodically, topical lidocaine anesthesia was refreshed and the bat was offered water from a dropper. If a bat showed discomfort, as judged by movement that was observed directly or through the recording electrode, a subanesthetic dose of 24 mg/kg ketamine and 1 mg/kg xylazine (1/5 of the surgical dose) was administered. If movement persisted, the experiment was terminated and the bat was returned to its home cage. Neurons were recorded during two sessions, with a resting period in the home cage of no Ͻ10 h between sessions. Before this resting period, bats were reanesthetized with isoflurane, their incisions were sutured, and they were treated with a topical mixture of antibiotic and Lidocaine gels as well as a systemic analgesic (Torbugesic, 1-2 mg/kg). All procedures used in this study were approved by the Bloomington Institutional Animal Care and Use Committees.
Extracellular recording of single neurons
A total of 224 neurons were recorded from the inferior colliculi of 31 male Mexican free-tailed bats (Tadarida brasiliensis). Neural recordings were made through single-barreled extracellular pipettes in a "piggy-back" configuration with multibarreled pipettes (Havey and Caspary 1980) . Briefly, three-or five-barreled iontophoresis pipettes were broken to a tip diameter of 10 -20 m, with the single-barreled recording pipette protruding 10 -15 m in front of the multibarreled pipette. The tips of the single-barreled pipettes were filled with 1 M NaCl and had resistances of 8 -20 M⍀. Pipettes were connected by a silver-silver chloride wire to a Dagan 2400 amplifier (Minneapolis, MN). Spikes were fed through a spike signal enhancer (FHC model, Bowdoinham, ME) before being digitized through a data acquisition processor board (Microstar, Bellevue, WA).
Multibarreled electrodes were positioned above the IC under visual control through a dissecting microscope and lowered with a piezoelectric microdrive (Burleigh/EXFO inchworm, Mississauga, Ontario, Canada) until action potentials were observed. Several criteria were used to ensure that single neurons, rather than multiunit recordings or amplified background potentials, were recorded. First, action potentials had signal-to-noise ratios of Ն5 before amplification through the FHC signal enhancer. Action potentials did not vary in amplitude with stimulus intensity and had distinctive waveforms. In the very rare cases in which two neurons were recorded simultaneously, the two were clearly distinguishable by the different amplitudes of their action potentials. Finally, at the end of the experiment, most neurons could be "killed" by small injections of current (1 nA) through the recording electrode.
Auditory stimuli
Auditory stimuli were created and data were collected with the custom software package Batlab (Dr. Donald Gans, Kent State University). Auditory stimuli were played through either an earphone biased with 200-V DC (Schuller 1997) , positioned in the ear contralateral to the recording electrode, or a midline freefield speaker. The frequency response of the custom-made earphone was flat Ϯ6 dB from 10 to 120 kHz, with harmonic distortions Ն34 dB below the fundamental frequency. With the pinna folded over the housing of the loudspeaker and wrapped with Scotch tape, the binaural cross talk with this arrangement is attenuated by 35-40 dB. Calibration of the freefield speaker (Infinity Emit B, Harman International Industries, Woodbury, NY) was accomplished by placing a measuring microphone (ACO Pacific PS9200 kit, Belmont, CA) in the position occupied by the bat's head during experiments. The response of the speaker was flat within Ϯ6 dB from 15 to 30 kHz, a range that encompassed the responses of 89% of recorded neurons. Harmonic distortions were 30 -40 dB below the fundamental frequency across this range.
Auditory stimuli consisted of tone bursts or FM sweeps ranging from 5 to 20 ms, with 0.5-ms rise times. FM sweeps were centered at the characteristic frequency (CF) for each neuron as determined audiovisually, and swept across a range of 5-20 kHz. Rate-level functions were generated by playing FM sweeps or CF tones, whichever elicited the strongest response from a given neuron, at intensities ranging from 10 dB below to 40 -50 dB above threshold, in 10-dB steps. Frequency-tuning plots were generated by playing tones spanning the excitatory tuning range of the neuron in steps of 0.5 to 4 kHz, depending on the bandwidth of the neural response. Frequency tuning was measured from 10 dB below to 30 -50 dB above threshold, in steps of 10 -20 dB.
Spike data were exported from Batlab in ASCII format for statistical analysis to either Excel (Microsoft, Redmond, WA) or to Statistica (StatSoft, Tulsa, OK).
Drugs and iontophoresis
The multibarreled pipette of the piggy-back electrode was used for iontophoresis of serotonin receptor agonists. Two of the pipette barrels were filled with receptor agonists and one was filled with 1 M NaCl to serve as a sum channel, balancing the iontophoretic currents ejected through the other barrels. The barrels were connected by silver-silver chloride wire to iontophoresis pump modules (ION-100, Dagan).
Five agonists were tested for effects on IC neurons. These were 1) serotonin creatinine sulfate . Agonists were dissolved in 165 mM NaCl, pH 4 -4.5. In previous studies, no effects of iontophoresed vehicle alone have been observed (Hurley and Pollak 1999 , 2001 , 2005a . In this study, the carrier vehicle was tested in 19 neurons, at current levels equal to those used to eject serotonin receptor agonists. Among these, iontophoresis of the vehicle did significantly increase the spike count in two neurons. This was below the proportion for any of the agonists tested.
During a typical experiment, the responses of neurons to tone bursts and FM sweeps were initially monitored over a time period equivalent to the time needed for the agonists to affect neural responses, to ensure the stability of baseline activity. After this initial time control, agonist iontophoresis commenced and spike counts were monitored until they stabilized. All of the agonists tested act on metabotropic serotonin receptors, and the amount of time that it took for the effects of agonists to occur was typically on the order of minutes. While maintaining agonist iontophoresis, another data set was collected. Iontophoresis was then halted and, if contact with the neuron was maintained, spike counts were monitored until the neuron recovered or for 15-30 min.
Dose-response relationship
The technique of iontophoresis, although it allows for localized application of drugs with minimal disruption of surrounding tissue within an intact auditory system, does not allow for precise control of drug concentration. Thus several methodological issues were considered to ensure that the effects of the serotonin receptor agonists were as specific as possible. First, agonists with relatively high selectivity were chosen and used in concentrations that are standard for their use in iontophoretic experiments described in other studies (e.g., Bergqvist et al. 1999; el Mansari and Blier 1997) . In some cases, lower concentrations of agonists than were previously reported were tested. Second, multiple doses of each of the agonists were applied to some neurons by varying the amplitude of the iontophoretic current, to measure the dose-response relationship and establish effective ranges of drug concentrations. In many cases, the effects of the agonists approached saturation with iontophoretic currents of 10 -100 nA, but iontophoretic currents never exceeded 100 nA, to minimize the possibility of current artifacts. Figure 1 illustrates an example current-response relationship for a representative neuron tested with the agonist 8-OH-DPAT. As can be seen, iontophoretic currents of 25 nA had only a slight effect on spike count and the effect increased at two higher levels of iontophoretic current, but recovered after iontophoresis ceased.
Analysis
The effects of agonists on both spike counts and first-spike latencies were measured and analyzed for statistical significance by using two-tailed unpaired t-test in Excel (Microsoft). To be included in the statistical analysis, the effects of an agonist on a given neuron had to meet one of two criteria. First, the two time-separated measurements before agonist iontophoresis had to be statistically indistinguishable, indicating a stable baseline. Alternatively, for a few neurons in which an initial time control was not performed, the response of the neuron had to significantly recover after the cessation of agonist iontophoresis. If neither of these conditions was met, the neuron was excluded from analysis.
A total of 112 neurons were classified based on the shapes of their tuning curves. 1) V-shaped tuning curves were defined as those showing a Ͼ20% increase in bandwidth from 10 to 30 dB above threshold. 2) Neurons with I-shaped tuning curves showed a relatively constant bandwidth between these intensities, with Ͻ20% change. 3) Nonmonotonic neurons, a group including neurons with O-shaped and slanted tuning curves, showed a Ն50% decrease in spike count with increasing intensity for at least one frequency. 4) Two-peaked neurons showed two spike count maxima at different frequencies separated by a minimum at which spike counts decreased by Ն50%.
Agonist effect versus anesthesia
Anesthetic state was a potential concern in these experiments for two reasons. First, one of the anesthetics used, ketamine, can alter the release of endogenous serotonin (Lindefors et al. 1997) . Ketamine can also alter auditory-evoked potentials (Maxwell et al. 2006 ), potentially through its effects on the N-methyl-D-aspartate (NMDA) receptor (Villars et al. 2004) . Second, the level of endogenous serotonin is expected to vary with the level of behavioral arousal (see Hurley et al. 2004) , so if receptor physiology were dependent on serotonergic tone, or if endogenous serotonin already occupied receptors in awake animals, then the effects of serotonergic agonists could vary with anesthetic state. To explore whether either of these factors influenced the effects of the serotonin receptor agonists, neurons were separated into two groups. The first group consisted of neurons recorded within 2 h of a dose of anesthetic (n ϭ 58). The second group consisted of neurons recorded Ͼ2 h after a dose of anesthetic or Ͻ2 h after an anesthetic dose if the animal was positively observed to be awake, through either a previous response to touch or acceptance of water or through the observation of small amounts of muscle activity through the recording electrode (n ϭ 100). There was no significant difference between these two groups for any agonist (two-tailed unpaired t-test P values: serotonin: 0.22; 8-OH-DPAT: 0.35; CP93129: 0.94; DOI: 0.49; MK212: 0.75). There was also no difference in the effects of agonists between the two groups when all agonists were lumped together (P ϭ 0.55). Thus there was no strong evidence for anestheticdependent changes in the effects of serotonin receptor agonists in this study.
R E S U L T S
A total of 224 neurons were recorded from the IC of Mexican free-tailed bats. Groups of these neurons were tested for responsiveness to five serotonin (5-HT) receptor agonists FIG. 1. Effects of the 5-HT1A receptor agonist 8-OH-DPAT agonist applied at different levels of iontophoretic current to a single neuron. Effects of 8-OH-DPAT on spike count approached saturation at higher levels of ejection current and recovered after cessation of iontophoresis. 5-HT AGONISTS HAVE DISTINCT EFFECTS IN IC with selectivity for different subtypes of 5-HT1 or 5-HT2 receptors: 1) serotonin itself (n ϭ 51); 2) the 5-HT1A receptor agonist 8-OH-DPAT (n ϭ 73); 3) the 5-HT1B receptor agonist CP93129 (n ϭ 40); 4) the 5-HT2A/C receptor agonist DOI (n ϭ 42); and 5) the 5-HT2C agonist MK212 (n ϭ 66). The sum of sample sizes for all agonists exceeds the total number of neurons recorded because some neurons were tested for responsiveness to multiple agonists. Spike counts and average first spike latencies were measured for responses to 32 presentations of brief (5-to 10-ms) tones or for 5-to 10-ms FM sweeps centered at CF and spanning 5-10 kHz. These measurements were made at 10 -20 dB above threshold in the periods before, during, and after drug iontophoresis.
All five agonists tested altered the responses of some IC neurons, but different agonists acted in different ways. Examples of effects of all five agonists tested are shown in Fig. 2 , which plots peristimulus time histograms (PSTHs) of five different neurons in the control, during the iontophoresis of agonist, and after recovery of the response. Dashed lines mark the onset of spike firing. For the neurons in this figure, serotonin, 8-OH-DPAT (5-HT1A), and DOI (5-HT2A/C) decreased spike count and increased the latency to first spikes, but CP93129 (5-HT1B) and MK212 (5-HT2C) had the opposite effect, increasing spike count and decreasing latency. Many of the agonists also altered the pattern of spikes. For example, 8-OH-DPAT (5-HT1A) decreased the duration of the neural response by suppressing later spikes within the spike train and MK212 (5-HT2C) unmasked a secondary peak of spikes that was not evident in the control. Agonists also sometimes altered spike counts and latencies to a different degree. For example, 8-OH-DPAT (5-HT1A) decreased spikes by over one third but increased the first-spike latency only slightly (by 0.4 ms on average), whereas DOI (5-HT2A/C) increased latency much more (by 4.2 ms on average), but decreased spike count less. Figure 3A summarizes the percentages of neurons that showed significant changes (two-tailed unpaired t-test, P Ͻ 0.05) in spike count (filled bars) or latency (unfilled bars). Agonists differed in the proportion of increases versus decreases that they evoked in spike count. For example, serotonin caused spike counts to decrease in 27.5% of neurons but to FIG. 2. Peristimulus time histograms (PSTHs) of the effects of different drugs on spike count and latency in 5 single inferior colliculus (IC) neurons. Examples do not represent the most extreme changes in spike count or latency because neurons were chosen to illustrate both. Control PSTHs were recorded before iontophoretic ejection of drugs, agonist PSTHs were recorded during iontophoresis, and recovery values were recorded after iontophoresis was stopped. Numbers on each plot represent total spike count. Stimulus envelopes are well in advance of the spike trains at the timescales shown; latencies to the start of the control spike train are 15 ms for serotonin, 14 ms for 8-OH-DPAT, 23 ms for CP93129, 12 ms for DOI, and 13 ms for MK212. Stimuli were: for serotonin, a 10-kHz FM sweep centered at 25 kHz at 20 dB SPL; for 8-OH-DPAT, a 10-kHz FM sweep centered at 25 kHz at 40 dB SPL; for CP93129, a 20-kHz tone at 20 dB SPL; for DOI, a 7-kHz FM sweep centered at 21 kHz at 50 dB SPL; for MK212, a 5-kHz FM sweep centered at 19 kHz at 50 dB SPL. All stimuli were 10 ms in duration. 5-HT ϭ serotonin. increase in 7.8% of neurons. Like serotonin, 8-OH-DPAT (5-HT1A) caused both increases and decreases in spike count, but other agonists showed more skewed effects of serotonin on spike count. CP93129 (5-HT1B) and MK212 (5-HT2C) increased spike counts in most of the neurons they affected, but DOI was biased toward decreasing spike count. In general, differences in agonist effects on latency were less pronounced than their effects on spike count. An exception was DOI, which predominantly induced increases in latency, complementing the decreases in spike count that it also evoked. In an earlier study, the effects of serotonin on latency were likewise not always the inverse of its effects on spike count, but could occur to a different degree or even independently from spike count changes (Hurley and Pollak 2005b).
As can be seen in Fig. 3A , none of the agonists tested altered the spike counts or latencies of all neurons. This finding is in agreement with previous studies (e.g., Hurley and Pollak 1999, 2001) and is likely to be attributable to a range of factors including the absence of serotonin receptors on some neurons or the presence of endogenous serotonin already occupying receptors. However, although all agonists significantly changed spike counts and latencies in only a subpopulation of neurons, the effects of these drugs were not simply present or absent, but instead occurred along a continuum. This can be observed in population histograms of the numbers of neurons with spike count changes of different sizes for each agonist (Fig. 3B) . All of these plots have peaks around zero change, indicating the neurons with little or no agonist-evoked alterations in these values. The histograms for serotonin, 8-OH-DPAT, and DOI are shifted to the left of the dashed line marking zero change, indicating larger numbers of neurons with decreases in spike count for these agonists. In contrast, the histograms for CP93129 and MK212 are shifted to the right, indicating larger numbers of neurons with spike count increases.
Thus although the extreme ranges of the effects of many agonists on spike count overlap, there are clear differences among some selective agonists in their profiles of effects across the population of neurons.
Agonists change threshold and frequency tuning
In previous studies, serotonin changed the threshold and frequency selectivity of neural responses to sound (Hurley and Pollak 1999, 2001 ). Serotonin receptor agonists were similarly capable of inducing changes in response threshold or frequency tuning. To quantify threshold changes, the threshold criterion was arbitrarily set as a response of 10 spikes per 32 stimulus repetitions, and the threshold was estimated from a linear interpolation between the two intensities above and below this criterion value. Agonist-evoked bandwidth changes were quantified in a similar way, by interpolating the frequencies at which spike counts reached an arbitrary criterion value of 10 at 10 -20 dB above threshold at CF. This measurement has functional significance because the absolute range of frequencies to which neurons respond is an important factor in determining which multifrequency sounds are capable of evoking a neural response (Hurley and Pollak 2001; Klug et al. 2002) . However, because spike counts are often low at the frequency and also the intensity borders of a neuron's response area, such measurements are relatively sensitive to changes in spike count. Having a criterion value of 10 spikes rather than a lower number reduced the impact of this "border" effect.
In general, the effects of different agonists on both threshold and bandwidth paralleled their effects on spike count. Figure  4A , top, plots the median and interquartile ranges of threshold shifts for all neurons for which agonists showed statistically significant changes in spike count. The agonists that decreased spike count in a large proportion of neurons, serotonin, 8-OH-DPAT, and DOI, evoked larger increases in threshold than other agonists. Likewise, the agonists that induced the largest spike count increases, CP93129 and MK212, caused larger threshold decreases, although this effect was more pronounced for CP93129. These findings are reflected in the histograms of threshold changes in the entire population (bottom). Most notably, DOI caused larger increases in threshold in more neurons, and CP93129 decreased threshold in more neurons, than the other agonists.
Changes in bandwidth also generally reflected agonistevoked alterations in spike count and there was good agreement between bandwidth changes in the neurons with significant shifts in spike count (Fig. 4B, top) and in the population (Fig. 4B, bottom) . That is, the agonists causing the strongest directional changes in tuning, such as CP93129 and MK212 causing increases in bandwidth, showed the same trends in neurons with significant spike count changes and across the population.
Thus receptor agonists not only change spike count, but alter the ranges of sounds that neurons respond to, by changing threshold and frequency tuning.
Similarities between serotonin and selective agonists
In a number of ways, the effects of one of the serotonin receptor agonists, 8-OH-DPAT (5-HT1A), paralleled those of serotonin. Both serotonin and 8-OH-DPAT could either suppress or facilitate the responses of substantial numbers of neurons. The similarity between the effects of serotonin and 8-OH-DPAT was striking at the level of some single neurons. This is illustrated in Fig. 5 , which shows PSTHs for consecutive applications of serotonin and 8-OH-DPAT on two different neurons. Figure 5A illustrates a neuron for which both of the agonists increased the spike count dramatically, from zero to 74 spikes for serotonin and from four to 127 spikes for 8-OH-DPAT, although the carrier (vehicle) solution had no such effect. Increases in spike count of this magnitude were not evoked by any other agonist tested, even CP93129 and MK212. Figure 5B shows a different effect of the two agonists, in a neuron for which each of the agonists roughly halved the spike count, from 26 to 13 for 8-OH-DPAT and from 38 to 20 for serotonin. In addition, both serotonin and 8-OH-DPAT altered the firing pattern of this neuron in similar ways, significantly increasing the latency and causing it to fire in one burst rather than two.
To further explore how closely the effects of 8-OH-DPAT mimic those of serotonin in additional neurons, both serotonin and 8-OH-DPAT were sequentially applied to a set of 17 neurons. For comparison, serotonin was also applied sequentially with DOI, the other agonist that decreased spike counts in a substantial proportion of neurons, in a separate set of 15 neurons. Figure 6 plots the cumulative spike count changes induced by serotonin versus 8-OH-DPAT (left) and serotonin versus DOI (right) in the two sets of neurons. For this type of plot, the slope is an indication of the numbers of neurons showing spike count changes of different sizes. For example, the steep slopes for all agonists near the dashed line marking zero indicates the relatively large proportion of neurons with little or no change in spike count, and the shallower slopes near the top of the curves indicate that the agonists did not increase the spike count of many neurons within these samples. The plots of both 8-OH-DPAT and DOI follow the plot of serotonin relatively closely, but show several interesting differences. The cumulative plot of 8-OH-DPAT-evoked changes in spike count is slightly shifted to the right relative to that of serotonin, especially at the more negative end of the range, indicating that serotonin evokes more spike count decreases in this sample than 8-OH-DPAT does. The relationship between serotonin and DOI was the opposite, with DOI decreasing spike counts in more neurons than serotonin in the sample of neurons tested. Thus although 8-OH-DPAT mimics the pattern of effects of serotonin closely in some individual neurons, its effects in a larger sample of neurons are not more identical to those of serotonin than are those of DOI, another agonist that decreases spike count in many neurons.
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FIG. 5. Comparison of the effects of serotonin and 8-OH-DPAT in 2 single neurons. A: for this neuron, sequential application of serotonin and 8-OH-DPAT induced similarly dramatic increases in spike count, but iontophoresis of the carrier vehicle did not. Stimulus envelope is indicated by the dark bar beneath the PSTHs. Stimulus was a 27.7-kHz tone at 20 dB SPL, with a 10-ms duration. B: for this neuron, sequential application of 8-OH-DPAT and serotonin induced similar decreases in spike count and increases in latency, resulting in a similar firing pattern. Stimulus envelope is too far in advance of the PSTHs to indicate in this plot; the latency to the start of the control spike train is 14 ms. Stimulus is a 10-kHz FM sweep centered at 25 kHz at 40 dB SPL. 
Additional differences among receptor agonists
Spike count captures one aspect of the effects of serotonin receptor agonists. With this measurement, several agonists overlapped in their ranges. For example, knowing that a neuron responded to an agonist with an increase in spike count would not necessarily identify the agonist but would raise the possibility that it could be any one of four agonists: serotonin, 8-OH-DPAT, CP93129, or MK212. To directly test the possibility that overlapping agonists alter the responses of individual neurons in the same way, the selective receptor agonist that was capable of the largest range of effects, 8-OH-DPAT, was tested in the same set of neurons as the two other most selective agonists, CP93129 (14 neurons) and MK212 (22 neurons). In both sets of neurons, each of the two agonists significantly changed the spike counts of some neurons, but none of the neurons responded with significantly changed spike counts to both agonists tested. Figure 7A , left, contains PSTHs of the effects of 8-OH-DPAT and MK212 in the same neurons. For the leftmost neuron, MK212 had no effect, although 8-OH-DPAT substantially decreased the spike count. For a second neuron, MK212 increased the spike count, by increasing the spontaneous rate of activity, but 8-OH-DPAT did not change the spike count. The entire sample of 22 neurons that were exposed to both agonists are shown in the cumulative plot at the right. This plot mirrors the differences seen in single neurons, with the curve for MK212 displaced in the direction of spike count increases relative to the 8-OH-DPAT curve. A similar trend was seen in neurons exposed to both 8-OH-DPAT and CP93129 (Fig. 7B) . PSTHs of two neurons (left) show complementary changes evoked by the two agonists. For the leftmost neuron, CP93129 increased the spike count by extending the duration of the spike train, but 8-OH-DPAT had little effect. For a second neuron, CP93129 had little effect, but 8-OH-DPAT decreased the spike count, by shortening the duration of the spike train. Similar to the cumulative curve for MK212, the curve for CP93129-evoked spike count changes is displaced in the positive direction relative to 8-OH-DPAT for the 14 neurons tested with both agonists (right). The exclusivity of the effects of selective agonists in these two sets of neurons contrasts with the neurons responding to both serotonin, the universal agonist for these receptors, and more selective agonists (Figs. 5 and 6 ). The limited number of neurons tested with multiple agonists does not allow the statement that these pairs of agonists never affect the same neurons. However, these results support the hypothesis that, at least in some neurons, one factor distinguishing agonists is the identity of neurons that they target.
In addition to their differing effects on the responses of individual neurons, agonists differed from each other in the types of neurons that they affected. IC neurons are often classified based on the shapes of their frequency-tuning curves, which are thought to reflect the inputs received by IC neurons as well as their functional response properties (Casseday and Covey 1992; Chase and Young 2005; Ehret et al. 2003; Hernández et al. 2005) . The 112 neurons whose tuning characteristics were measured were grouped into four main categories: V-type, I-type, nonmonotonic, and two-peaked, as defined in METHODS. The relative proportions of these neurons were similar to those previously reported in another FM bat species (Casseday and Covey 1992), with V-type neurons the most common (67.9%), followed by nonmonotonic (19.6%) and I-type (11.6%) neurons. The two two-peaked neurons recorded made up 0.8% of the population. Because the numbers of neurons within different groups were so disparate, neurons were further grouped into V-versus non-V classes, so that the numbers in each of these groups were more comparable, and these groups were examined to determine whether agonists differentially affected the spike counts or latencies of V-type versus non-V-type neurons. The percentage of neurons that were V-type varied for the samples of neurons recorded for different agonists, from a low value of 54% for DOI to a high value of 73% for MK212. To control for differences in the numbers of V-type versus non-V-type neurons recorded, the number of neurons of one type significantly affected by an agonist was normalized to the total number of neurons of the same type tested with the same agonist. For example, if an agonist altered spike counts or latencies of 10 V-type neurons in a sample for a particular agonist containing 20 V-type neurons, the effect size would be 0.5. When their effects were calculated in this way, there was a notable difference for one agonist in particular. Serotonin and the two 5-HT1 agonists, 8-OH-DPAT and CP93129, affected approximately equal numbers of non-V-type and V-type neurons (Fig. 8) . However, MK212, and to a lesser extent DOI, affected proportionally fewer non-V-type neurons than V-type neurons. Of special interest is the difference between CP93129 and MK212 because these agonists have extremely similar effects on spike count at the population level (Fig. 3) , but affect different proportions of V-versus non-V-type neurons. Although the distinction between V-type and non-V-type neurons is a broad one, these results further strengthen the contention that serotonin receptors are differentially expressed by functionally distinct IC neurons.
D I S C U S S I O N
A number of studies have explored the anatomical distribution of serotonin receptors in the IC, but few have explored the physiological effects of activating these receptors on responses to auditory stimuli, in the IC or in any auditory nucleus. The current study measured the effects of agonists that are relatively selective for receptors within two of the most intensively studied families of serotonin receptors, 5-HT1 and 5-HT2. When applied locally by iontophoresis, different agonists not only had distinct effects on the spike counts and to a lesser extent on the first-spike latencies of sound-evoked responses, but also affected different single neurons and broad classes of neurons. The variable nature of the effects of these agonists is likely to be a reflection of the roles of different serotonin receptor subtypes within the complex circuitry of the IC. The IC receives projections from a wide array of auditory and nonauditory nuclei, and IC neurons may integrate different types of excitatory and inhibitory inputs from these projections that differ in timing, strength, and origin (Oliver and Huerta 1992; Pollak et al. 2003) . There is also extensive intrinsic interconnectivity between IC neurons, with most IC neurons exhibiting local ramification (Oliver et al. 1991) . The following discussion considers the results obtained in this study in light of the properties of serotonin receptor subtypes in other regions of the brain, to construct a simplified and testable model of different receptor subtypes within the excitatory and inhibitory circuitry of the IC (Fig. 9) . The functional implications of this model for ascending auditory processing, especially the representation of frequency within the IC, are also discussed.
5-HT1 receptors
Agonists of two types of 5-HT1 receptors, the 5-HT1A (8-OH-DPAT) and the 5-HT1B (CP93129) receptor, were tested in this study. Both of these types of receptors show an association, albeit a nonexclusive one, with GABAergic neurons, which make up about 20% of neurons in the IC (Oliver et al. 1994) . Well over half of the neurons that are GABAergic also label with antibodies to the 5-HT1A or 5-HT1B receptors (Peruzzi and Dut 2004) . Thus any model of the function of these receptors in the IC must incorporate their effects on GABAergic neurons.
5-HT1A RECEPTOR. The 5-HT1A receptor has been found in all major subdivisions and throughout the rostrocaudal extent of the IC (Peruzzi and Dut 2004) . In addition, autoradiographic measurements find the 5-HT1A receptor to be enriched in the IC relative to other auditory nuclei (Thompson et al. 1994) . These previous studies are in agreement with the finding that the 5-HT1A agonist, 8-OH-DPAT, closely mimicked the effects of serotonin on not only spike count but also on the temporal pattern of spikes in some single neurons (Fig. 5) . 5-HT1A receptors frequently hyperpolarize target neurons and are usually found on the soma and dendrites of neurons (Barnes and Sharp 1999; Hoyer et al. 1994; Lanfumey and Hamon 2000) with a few exceptions (Katsurabayashi et al. 2003; Koyama et al. 2002) . In this study, activation of the 5-HT1A receptor by the agonist 8-OH-DPAT had different effects on different neurons and could cause either an increase or a decrease in excitability, as measured by changes in spike count and latency.
These mixed effects of 8-OH-DPAT are consistent with the somatodendritic localization of some 5-HT1A receptors to GABAergic neurons in the IC (Peruzzi and Dut 2004) . The decrease in excitability that was the most common effect of 8-OH-DPAT could result from the direct hyperpolarization of GABAergic neurons through the somatodendritic receptors. In nearby midbrain regions, including the superior colliculus and dorsolateral periaqueductal gray, activation of 5-HT1A receptor agonists, by iontophoretic or pressure application, similarly decreases neural activity (Brandão et al. 1991; Mooney et al. 1996) . The less common increases in excitability that were observed when 8-OH-DPAT was iontophoresed in the IC could result from the suppression of sound-evoked activity in GABAergic interneurons presynaptic to the recorded neuron (Katsurabayashi et al. 2003) . Thus all of the electrophysiological evidence on the effects of 8-OH-DPAT in this study could be accounted for by the inhibition of intrinsic GABAergic neurons through somatodendritic receptors.
However, additional effects of the 5-HT1A receptor on other types of neurons, potentially including glutamatergic neurons, are also consistent with these results. For example, activation of the 5-HT1A receptor could directly suppress the firing of a glutamatergic neuron and, in doing so, also decrease the excitatory input to postsynaptic neurons. Such a mechanism of action may be indicated by the presence of 5-HT1A receptors on some non-GABAergic neurons (Peruzzi and Dut 2004) , as depicted in Fig. 9 .
An alternate explanation for the mixed effects of 8-OH-DPAT is that it also activated a different serotonin receptor type, the 5-HT7 receptor, which has been reported to be present in the IC (Heidmann et al. 1998 ). This receptor can be activated by 8-OH-DPAT (Gill et al. 2002) , decreasing hyperpolarizing potentials or increasing the activity of neurons in some brain regions (Bacon and Beck 2000; Beique et al. 2004; Gill et al. 2002; Tokarski et al. 2003) . Thus activation of this receptor could also account for the rare increases in excitability observed with iontophoresis of 8-OH-DPAT. This possibility can be tested by using selective antagonists for the 5-HT7 receptor in conjunction with 8-OH-DPAT.
5-HT1B RECEPTOR. Through their localization at presynaptic terminals, 5-HT1B receptors decrease the release of a range of neural signaling molecules including ␥-aminobutyric acid (GABA), glutamate, acetylcholine, and serotonin (Chadha et al. 2000; Golembiowska and Dziubina 2002; Matsuoka et al. 2004; Mlinar et al. 2003; Mooney et al. 1994; Sari et al. 2004; Singer et al. 1996; Stanford and Lacey 1996) . In the IC, the selective serotonin 1B agonist CP93129 usually increased excitability. In conjunction with its reported association with GABAergic neurons (Peruzzi and Dut 2004) , this effect is consistent with the 5-HT1B receptor decreasing the release of GABA at terminals of neurons presynaptic to the ones recorded. Because the 5-HT1B receptors are generally proposed to be localized to the presynaptic terminal, activating this receptor would not necessarily be expected to change the spike count of neurons expressing it. Although 5-HT1B receptors are found on IC neurons that are not GABAergic (Peruzzi and Dut 2004) , it is unlikely that an inhibition of glutamate release was a major effect of CP93129 in this study because CP93129 rarely caused a decrease in spike count.
5-HT2 receptors
5-HT2C RECEPTOR. The most selective 5-HT2 agonist tested in this study was the 5-HT2C agonist, MK212. This receptor has a postsynaptic localization in many brain regions (Barnes and Sharp 1999), although it may be associated with presynaptic terminals in a few (López-Giménez et al. 2001 ). The 5-HT2C receptor is upregulated in the IC in response to cochlear ablation (Holt et al. 2005) . Activation of the 5-HT2C receptor depolarizes target neurons and may, as a consequence, facilitate neural activity or increase neurotransmitter release (Nair and Gudelsky 2004; Stanford and Lacey 1996) . Consistent with these characteristics, MK212 increased the excitability of most of the IC neurons that it affected. CP93129, the 5-HT1B agonist, also caused increases in excitability. However, it is unlikely that MK212 directly altered the activity of inhibitory neurons, or at least of inhibitory interneurons, in this study. This is because an MK212-induced increase in the firing of a inhibitory interneuron should result in decreases in excitability in some postsynaptic neurons, and such decreases in excitability were rarely seen when MK212 was iontophoresed. Therefore a restriction of the effects of MK212 to excitatory neurons or to inhibitory IC projection neurons is more consistent with the data (Fig. 9) .
5-HT2A/2C RECEPTOR. DOI is a less selective partial agonist at multiple 5-HT2 receptors, including 5-HT2A and 5-HT2C receptors (Marek and Aghajanian 1996; Porter et al. 1999 ). In the lateral superior olive, a brain stem auditory nucleus, a broad agonist for 5-HT2 receptors, ␣-Me-5-HT, caused an increase in spontaneous inhibitory potentials during a limited developmental window, most likely arising from an increase in the excitability of presynaptic inhibitory projections, although this agonist also reduced the amplitude of evoked postsynaptic currents (PSCs) (Fitzgerald and Sanes 1999). In the current study, DOI decreased spike count and increased first-spike latency (Figs. 2 and 3) . However, DOI did not usually mimic the excitatory effects of MK212, the more selective 5-HT2C agonist, in that it rarely increased firing. One hypothesis that would account for the predominantly inhibitory effect of DOI is that it acted through 5-HT2A receptors rather than 5-HT2C receptors in this study. Indeed, in some preparations DOI has been reported to be more selective for the 5-HT2A receptor than for the 5-HT2C receptor (Knight et al. 2004; Porter et al. 1999) . However, this hypothesis has some weaknesses. The first of these is that the 5-HT2A receptor has been observed within IC in some studies (Cornea-Hébert 1999) but not others (Peruzzi and Dut 2004; Pompeiano et al. 1994 ). In addition, the effects of DOI could also be attributed to the 5-HT2B receptor, which DOI also activates with relatively high affinity (Hoyer et al. 1994; Porter et al. 1999) . Because of these uncertainties, the 5-HT2A receptor has not been included in the model of Fig. 9 .
Functional considerations
The hypothesis that serotonin acts as a state-dependent filter for auditory processing is supported by methodologically diverse sources of evidence. Fluctuations in the levels of serotonin in the auditory system are thought to reflect the activity patterns of the projecting serotonergic neurons of the dorsal and median raphe groups, which fire more frequently during periods of heightened behavioral arousal (Jacobs and Fornal 1999; Klepper and Herbert 1991; Shima et al. 1986; Trulson and Jacobs 1979, 1981) . Complementing these findings, increased levels of serotonin are associated with increased gain control (Hegerl et al. 2001 ) and reduced prepulse gating (Kehne et al. 1996) of auditory evoked potentials.
Within the IC, anatomical and physiological evidence suggests the involvement of serotonin or particular serotonin receptors in a number of specific aspects of auditory function (reviewed in Hurley et al. 2002 Hurley et al. , 2004 . Most specifically, serotonin 1A and 2 receptors are capable of reducing aversive responses elicited by electrical stimulation of the IC (Melo and Brandão 1995) . More relevant to auditory encoding are the effects of serotonin on the representation of stimulus frequency. Serotonin changes the frequency tuning of over half of inferior colliculus neurons (Hurley and Pollak 2001), through either broad shifts in responsiveness to sound or by highly frequency specific changes limited to just the high-or lowfrequency borders of the tuning curve. For either type of change, the most common effect of serotonin is to restrict the range of frequencies to which neurons respond, although in a smaller subset of neurons serotonin expands frequency tuning. In Mexican free-tailed bats, the effects of serotonin on frequency tuning probably account for the finding that serotonin changes the selectivity of IC neurons for acoustically complex communication vocalizations (Hurley and Pollak 2005a) . In the presence of serotonin, most IC neurons become more selective for species-specific vocalizations. Across the IC, this greater selectivity extrapolates to less overlap in the populations of neurons responding to different calls. Thus one function of serotonin may be to act as a frequency filter on ascending auditory information, increasing the selectivities of individual neurons and neuron populations. Whether these increasingly distinct central representations of sound contribute to the ability to more sharply discriminate among sounds has not yet been tested behaviorally.
The current experiments suggest that the roles of different receptors in mediating the effects of serotonin on frequency tuning may be quite distinct. Different agonists caused changes in bandwidth that were both quantitatively and qualitatively different (Fig. 4) , with some agonists like 8-OH-DPAT (5-HT1A) predominantly narrowing frequency tuning and other agonists like CP93129 (5-HT1B) and MK212 (5-HT2C) broadening tuning. This finding is interesting in comparison to the finding that serotonin itself usually narrows frequency tuning because it raises the possibility that the receptors that decrease the bandwidth of neural responses play the largest role in mediating the effects of serotonin on tuning. A second finding that suggests distinctions between the roles of different receptors is that agonists of specific receptors also targeted different classes of neurons, in ways that were consistent with differential effects on either excitatory versus inhibitory neurons or neurons with V-versus non-V-type frequency-tuning curves. Most notably, the 5-HT1 agonists affected equal numbers of non-V-and V-type neurons, whereas the 5-HT2C agonist affected a lower proportion of non-V-type neurons. The scenario that emerges from these findings is a highly dynamic regulation of frequency coding by serotonin. As the levels of serotonin change with behavioral state, its net effects on frequency tuning are likely to be governed by the characteristics of its receptors, including the differing affinities of receptor subtypes for serotonin and the expression patterns of different receptors on different neuron classes or in discrete subcellular compartments.
The organized expression patterns of serotonin receptors and the varying postsynaptic effects of these receptors are consistently observed characteristics of the effector mechanisms of serotonergic modulation within multiple sensory systems (Hurley et al. 2004 ). These effectors translate diffuse serotonergic signals into the selective reconfiguration of neural circuitry. The presence of the same types of mechanisms within the IC raises the intriguing possibility that different receptors could be used as tools to probe the function of discrete neural networks within this complex and behaviorally important auditory region.
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